Introduction
The origin and genetic basis of phenotypic variation, and its retention in a population in the face of both random and deterministic forces, are pivotal issues for our understanding of evolutionary adaptations. Functional polymorphisms & 2019 The Author(s) Published by the Royal Society. All rights reserved.
typically segregate in spatially isolated populations [1, 2] and/or discrete ecological conditions [3] [4] [5] . In contrast, it is much more challenging to dissect the evolutionary processes involved in adaptive geographical variation across a continuous spatial distribution [6] . As a result, relatively few studies have comprehensively examined the relationship between genomic architecture, the resulting phenotypic variation and the ecological pressures maintaining that variation in continuously distributed organisms [2] .
Animal venoms represent exemplar models for investigating the genetic basis of phenotypic variation [7] . Genes encoding venom toxins are uniquely expressed in distinct, specialized glands, and their final product can be easily detected and quantified. This sidesteps the problem of pleiotropy in the genes involved in adaptive polygenic traits, which often obscures the phenotypic effects of individual genetic variants [8, 9] .
Rattlesnakes (Crotalus) produce highly complex and diverse venoms, with tens to hundreds of individual components. These venoms display a puzzling phenotypic dichotomy, with two largely mutually exclusive strategies: type A venoms are highly lethal and characterized by heterodimeric, presynaptic b-neurotoxic phospholipases A 2 (PLA 2 ), whereas type B venoms are less toxic and rich in snake venom metalloproteinases (SVMPs) with haemorrhagic and proteolytic activity [10] . The distribution of these phenotypes across the phylogeny of rattlesnakes is highly irregular: both types occur within most major clades, and even within some individual species (electronic supplementary material, figure S1) [10] .
Multiple studies have explored the drivers of intraspecific variation in venom composition and found evidence for the effect of natural selection for the optimization of venom to diet [7,11 -13] . Even subtle differences, involving only a few low-expression toxins, appear to have selectively significant consequences [14] . This suggests that the much starker intraspecific variation in species with both venom A and B populations would be likely to have very powerful selective consequences, and thus predicts a strong effect of diet-related factors as drivers of this variation [15] [16] [17] .
While identifying selective drivers has been a significant research focus, the role of neutral factors, such as past population fragmentation [18] or current gene flow, has received less attention. Evolutionary theory traditionally emphasizes the role of gene flow in either facilitating the transfer of selectively favourable alleles or reducing the potential for local adaptation through genotypic homogenization [19] ; nonetheless, the relative importance of gene flow and selection on venom have rarely been compared directly. Although recent studies [20, 21] have identified selection and inter-population genetic distances as better predictors of venom composition, those involved subtler differentiation than the A/B dichotomy.
The Mojave rattlesnake (Crotalus scutulatus) represents an ideal system to study the causes and mechanisms underlying variation in this remarkable molecular phenotype. Four highly distinct phylogeographic lineages have been identified across its wide range in the southwestern USA and Mexico [17, 22] . Here, we focus on the Mojave-Sonoran clade, ranging from California to southwestern New Mexico, which in itself represents a microcosm of the phenomenon of extreme intraspecific venom variation within a single population [22] : most individuals secrete type A venoms characterized by the neurotoxic Mojave toxin (MTX), whereas snakes from central Arizona secrete type B venoms. Intermediate AþB venoms containing both SVMPs and MTX are found at the contact zones between the two venom types [23, 24] . Additional toxins belonging to different gene families, such as other, myotoxin (MYO) and C-type lectins (CTL), also show geographical variation in their expression [16, 24] . We therefore used the Mojave-Sonoran clade of C. scutulatus to investigate the causes and mechanisms generating and maintaining polymorphisms across a widespread and continuously distributed species. We performed densely sampled population-level analysis of the genomic basis of venom variation, investigated population structure and diet, and then used in-depth environmental association analysis (EAA) and climate reconstruction to disentangle the dynamics between genotype, phenotype and environment.
Material and methods (a) Approach
Initially, we used in-depth proteomic analysis, genome sequencing and venom gland transcriptomics of two representative fieldcaught adults of C. scutulatus from venom type A and B areas (figure 1) to identify major toxins, and to design primers to test for the presence of specific toxin genes in additional specimens. We then mapped phenotype onto genotype by comparing proteomic and genomic presence/absence of toxins across a larger sample, and, after establishing a strict linkage, extended this to additional specimens at genomic level only. We then correlated the venom profiles with new, densely sampled population genetic data, geographical variation in diet, and physical, climatic and vegetational parameters to understand the drivers of venom variation.
(b) Draft whole-genome sequencing
For each representative individual we sequenced two genomic libraries on an Illumina HiSeq2500. High-quality reads were assembled de novo using the CLC Genomics Workbench platform v. 6.5, and contigs combined into scaffolds using SSPACE Standard 3.0 [25] . Scaffolds containing putative toxin genes were identified by mapping all toxin transcripts to genome assemblies using GMAP software [26] .
(c) Venom-gland transcriptomics
Venom gland cDNA libraries of the two representatives were sequenced on an Illumina HiSeq2500 and high-quality reads assembled de novo using TRINITY 2.0.4 [27] . We identified all possible toxin transcripts with blastx searches against the NCBI nonredundant (nr) protein sequences [28] , UniProtKB [29] and a custom database containing only toxin protein sequences. Homologous toxin transcripts were identified by reciprocal blast analysis and considered homologous if the coding sequences were 99% identical, with minimum 70% sequence coverage. Absence of toxins due to failure of TRINITY to recover venom transcripts was verified by reciprocal mapping of reads against both transcriptomes and investigation of the proteome (see below).
(d) Venom proteomics
To link venom proteins to their corresponding transcripts we analysed the venoms of the two representative snakes by RP-HPLC and obtained molecular masses and peptide sequences [30] . All sequences were blasted against the NCBI non-redundant database and the venom-gland transcriptome assemblies using tblastn adjusted for short sequences. RP-HPLC venom profiles of 50 additional specimens from different geographical areas were then examined to identify the most highly expressed and variable toxins, and to test whether variation in venom composition is caused by genome-level differences (see below).
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182735 (e) Toxin genotyping
We selected toxins that were unambiguously scorable as either absent or highly expressed in the proteome, and designed gene-specific primer pairs based on our genomic scaffolds using the Primer-BLAST tool [31] . Amplification specificity was checked against our two transcriptomes and the NCBI nucleotide database. Twelve toxin genes belonging to five families were selected for further investigation (see electronic supplementary material, table S3), in addition to the acidic (MTXa) and basic (MTXb) subunit genes of Mojave toxin [32] . Up to 163 individuals were screened for toxin gene presence, PCR products were checked on 1.5% agarose gels, and a subset were sequenced to verify consistency of primer specificity. Sequences were blasted against the NCBI nucleotide (nt) and whole-genome shotgun contigs (wgs) databases. Pairwise Pearson correlation coefficients were calculated to test for linkage between toxin genes.
Given the absolute link between presence/absence of toxins in the proteome and the corresponding coding genes (see below), we expanded our sampling by genotyping additional individuals without proteomic information (e.g. road-killed specimens) to assess toxin gene distributions.
(f ) Venom fingerprinting
Proteomic techniques allow detailed characterization of individual venom components, but do not allow for large-scale, standardized comparisons of overall variation and diversity [30] . To increase our sampling and standardize our phenotype comparisons, we analysed the same 50 venoms (see above) and 48 additional samples by on-chip electrophoresis [30] . All samples were from adult snakes. The binary matrix of protein peak presence/absence was used to calculate Shannon diversity index and pairwise Bray-Curtis dissimilarity matrices for subsequent analyses.
(g) Population genetic analysis
After preliminary analyses, we genotyped 290 specimens at 13 microsatellite loci (electronic supplementary material, table S5) (see electronic supplementary material for details). Population structure was determined using the spatial Bayesian clustering algorithm in TESS 2.3.1 [33] . Partitioning of genetic variation within and across subpopulations as inferred by TESS was examined using analysis of molecular genetic variance (AMOVA) in GENALEX [34] . To test whether spatial genetic patterns and population structure are the results of recent genetic bottlenecks, heterozygosity excess and deficit were tested using the software BOTTLENECK v1.2.02 [35] and GENEPOP [36] .
Isolation by distance (IBD) was tested between pairs of individuals in GENALEX. A pairwise genetic distance matrix was then estimated based on the proportion of shared alleles (Dps) [37] between localities and used in a Mantel test against Euclidean geographical distances.
(h) Inference of past distributions
To test whether current variation in venom composition could be the result of past range fragmentation due to climatic changes, we performed niche modelling using the program MAXEnt [38] . royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182735
Georeferenced occurrence localities of the Mojave-Sonoran clade of C. scutulatus were gathered from the VertNet (http://vertnet.org) and Global Biodiversity Information Facility (www.gbif.org) databases. Current climatic data were obtained from the WorldClim 1.4 database (http://www.worldclim.org) at 30 s resolution [39] . To avoid collinearity, highly correlated variables (Pearson's coefficient jrj ! 0.8) were pruned based on a pairwise correlation matrix, leaving a total of 13 climatic variables (electronic supplementary material, tables S10 and S11). Past climatic data for the Last Glacial Maximum (LGM) were obtained from simulations with global climate models (GCMs) estimated by community climate system models (CCSM), and data from the Last Interglacial (LIG) were obtained from [40] . All models were run with default regularization and 10 replicates subsampled, using 20% of the points for test and 80% for training each replicate. We generated ecological niche models for the species as well as for each individual toxin gene, and used present-day climate envelopes for inference of past distributions.
(i) Statistical analysis workflow
All statistical analyses were performed in R version 3.4.2 [41] using two approaches. First, we grouped individuals into discrete localities delineated by sampling gaps and valley/mountain ridge systems. Individuals falling between localities were excluded. Although this approach has the drawback of removing samples collected between localities, it can exploit population-based association approaches, such as testing for relationships between venom phenotype and diet composition. We ran Mantel and partial Mantel tests (controlling for geographical distance) in the vegan 2.4-4 package [42] using the following response distance matrices: (i) venom phenotype: mean pairwise Bray-Curtis dissimilarities between localities calculated from on-chip fingerprinting binary matrix; (ii) venom genotype: pairwise Bray-Curtis dissimilarity matrices based on toxin gene frequencies (one per gene). Second, we used an individual-based approach, including all samples, to allow better detection of association along gradients. For the venom phenotype, we analysed patterns of variation using non-metric multidimensional scaling (NMDS) based on a pairwise Bray -Curtis distance matrix and used the individual scores on the first two axes as response variables in regression models. For the venom genotype, presence or absence of each toxin gene were used as response variables in logistic regression models using the glm (generalized linear model) function with binomial (link¼"logit") error distribution.
False discovery rates for all p-values of multiple comparison analyses were corrected using the method of Benjamini & Hochberg [43] . One locality ('Gila'), where we were unable to collect venoms, was only included in the genotype analysis.
( j) Venom variation and current gene flow
Multiple approaches were used to test whether variation in venom composition reflects current patterns of gene flow and neutral genetic structure. First, we used AMOVA in GENALEX to estimate numbers of migrants and compare molecular variance between (i) the three major venom types (i.e. A, B, AþB), and (ii) sampling localities. Second, we ran partial Mantel tests between venom and genetic (Dps) distance matrices based on localities. Finally, we tested for correlations between individual-level venom variation and neutral genetic structure using the admixture proportions estimated by TESS as the explanatory variables.
(k) Venom variation and diet
To test whether geographical variation in venom phenotype and distribution of toxin genes is associated with differences in diet composition, we recorded stomach and gut contents from 463 preserved, geo-referenced specimens from museum collections.
All prey items were either mammals or reptiles, except for three amphibians, two arthropods and one bird, which were excluded from further analyses. Altogether, 445 items were identified to class level, 327 to family, 249 to genus, and 192 to species level.
For each taxonomic level we calculated the 'frequency occurrence', defined as the number of samples in which a food item occurs expressed as a frequency of the total number of samples with identifiable prey [44] , the most commonly used method for diet analysis [45] . For each locality, we used the frequency occurrence to calculate two measures of diet composition: (i) diet niche overlap, ranging from 0 (no overlap) to 1 (complete overlap), describes diet composition similarity between localities and corresponds to the pairwise Bray-Curtis dissimilarity index; (ii) niche width (Shannon diversity index) describes the diet diversity within a locality, with values near 0 indicating a narrow niche and values near 1 a broad niche. Both metrics were calculated with prey identified to class, family, genus and species level. Pairwise distance matrices based on these metrics were used for Mantel tests. Additionally, we tested for correlation between venom diversity and niche width, and between frequencies of individual prey species and toxin genes in order to identify potential key species involved in predator-prey arm races.
(l) Environmental association analysis
To test whether the observed variation in venom phenotype and toxin gene distributions were associated with spatial heterogeneity, and to identify environmental factors potentially contributing to local adaptation and genetic variation, we performed EAA.
In addition to the WorldClim data (see above), we used the high resolution digital elevation model (DEM) raster (http://asterweb.jpl.nasa.gov) to produce additional topographic variables including slope, solar radiation, aspect and topographic position index (TPI) using the Spatial Analyst toolbox in ArcMap 10.3 (ESRI w ). Land cover data describing North American ecological areas (level III 'ecoregions') were obtained from the US EPA (https://www.epa.gov/eco-research/ecoregions-north-america), and vegetation data from the Gap Analysis Project (https://gapanalysis.usgs.gov/gaplandcover/data/download/).
Patterns of environmental heterogeneity across the study areas were examined using principal component analysis (PCA), and the significance of differences between localities were tested with pairwise t-tests.
For climatic and topographic variables, Euclidean distance matrices were calculated based on the average values within each locality, whereas for categorical variables (ecoregion and vegetation) distance matrices were generated based on the proportion of each factor level within localities. Prior to Mantel test analysis the BIOENV procedure [46] in the vegan package was used to reduce the climatic variables contributing to the final distance matrix. This function calculates Euclidean distances for all possible subsets of scaled climatic variables and finds the maximum Spearman (rank) correlation with the response distance matrix.
In the individual-level analysis, univariate regression models were generated for all variables in order to identify the strength, direction and nature of the relationships between each environmental factor and venom variation/toxin gene presence. We also generated climatic niche models for the individual genes using the WorldClim data, and used MAXENT to generate predicted distribution maps for each.
(m) Gradient analysis
To investigate local environmental patterns at the interface between the two main venom types, we performed a gradient analysis to test associations between phenotypic or genetic variation and environmental factors along a continuous cline. We identified two suitable venom B -venom A transects, one running west ('Maricopa') and the other south ('Sasabe') from the core of royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182735 the venom B area (figure 3b). We intensively sampled these two transects and tested for presence of MTX and SVMP genes. Trends along the transects were analysed for each climatic variable. Comparison of the proteomic profiles and genotypes of 50 specimens confirmed that the presence or absence of 14 differentially expressed toxins in the proteome was invariably associated with the presence or absence of the corresponding coding genes (electronic supplementary material, figure S4 ). This was previously documented for MTX, other PLA 2 s and SVMPs [16, 32] , and is here confirmed for CTLs and MYO. Based on this strict phenotype-genotype link, we analysed the spatial distribution of toxin genes in a larger sample to identify gene complexes and linkage patterns (figure 2a; electronic supplementary material, table S4). In both main venom types, some genes appeared tightly linked, whereas others varied independently. In the core venom B area there were two main genotypes, both characterized by the presence of SVMPs, PLA 2 s (gA1, gB1 and gK) and CTL-B7, but differing in the presence of a myotoxin (MyoB). Much greater diversity was observed across the venom A genotypes: all were characterized by the tightly linked neurotoxic MTXa and MTXb, the absence of SVMPs, PLA 2 gK and gB1, but varied in the occurrence of PLA 2 gA1, MyoB and CTL-B7, each with unique spatial
Results and discussion (a) Venom variation is due to structural genomic variation
LGM (22 kybp LGM, the complete absence of association between phenotype and neutral genetic differentiation suggests that strong selective forces are driving the distribution of venom types, rather than differentiation in allopatry followed by range expansion.
(c) Venom composition is not associated with diet spectrum
Because adaptation to diet is generally invoked as the foremost driver of venom evolution [11, 14, 16, 17, 47 ,48], we tested whether the divergent phenotypes are associated with differences in local diet. Our diet data show that C. scutulatus feeds primarily on small mammals, with the rodent families Heteromyidae and Cricetidae alone constituting 78.8% of prey items (figure 1b; electronic supplementary material, figure S8b). Partial Mantel tests found no significant association between overall venom composition and diet spectrum measured as niche overlap or niche width, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182735 irrespective of whether the spectrum was resolved to class, family, genus or species level (table 1) . Similarly, we found no significant pairwise relationships between individual toxin gene frequencies and individual prey species; in particular, neither MTX nor SVMPs, the two main players in the venom dichotomy, were linked to any specific prey. We also tested the hypothesis that more complex venoms would allow predation upon a more diverse array of prey [49] . Interestingly, we found the opposite trend: localities with less diverse venoms had broader prey spectra, although this was only weakly significant (electronic supplementary material, figure S8a). None of the frequencies of the individual toxin genes were significantly correlated with either diet composition or niche width, except PLA 2 gA1, an inhibitor of ADP-induced platelet aggregation [50] , which showed a strong association with climate and ecoregion, and a weaker, but significant, correlation with diet composition at the family level (table 1) . The functional significance of this is unclear, as this gene is widespread in the genomes of both type A and type B rattlesnakes in general [16] . Whether this association is due to direct selection for diet or a partial correlation between diet and climate or ecoregion is also unclear.
Because the primary function of venom in snakes is prey acquisition [7] , adaptation to specific diet as the key selective driver of venom evolution has become the dominant paradigm in the study of snake venom evolution. Since even subtle variation in venom composition can reflect selection for local prey [12, 14] , we had hypothesized that the stark contrast in toxicity and mode of action (neurotoxic versus haemorrhagic) between A and B venoms in C. scutulatus would have a significant impact on the snakes' foraging biology. Our results thus challenge the widespread assumption of diet composition as the main determinant of the venom dichotomy in this or other rattlesnake species [16, 17] and its universality as a selective driver of snake venom evolution in general [7] . Table 1 . Environmental association analysis between localities. Heatmap of partial Mantel tests (Spearman R partial correlation coefficients multiplied by 100) between overall venom phenotype or individual toxin gene frequencies against environmental variables, with geographical Euclidean distance matrix as covariate. Isolation by distance (IBD) is the null model. Proportion of shared alleles (Dps) was used as an index for neutral genetic differentiation. Variables selected with the BIOENV procedure to generate climatic and topography distance matrix are reported: BIO1-BIO9 correspond to measures related to temperature and BIO12-BIO19 to precipitation. Values with p , 0.05 are in bold. Spatial heterogeneity in environmental variables is a key driver of genotypic and phenotypic polymorphism [51] . In the absence of a strong venom-diet association, we performed EAA to understand whether differences in other biotic and/or abiotic factors contribute to geographical variation of venom composition [47, 52, 53] . Overall venom variation was strongly associated with temperature (table 1) , and the longitudinal climatic gradient characterizing the Sonoran desert (electronic supplementary material, figures S9 and S10) was reflected in the differentiation across venom A profiles along the first NMDS axis ( figure 3a) . In contrast, the second NMDS axis, which broadly separates A and B venoms, showed weaker correlations (electronic supplementary material, table S12). However, across a large, continuous distribution without discrete physical barriers, large-scale analyses may fail to detect the effect of local ecotones and short environmental clines of potential selective importance. We thus analysed local scale climatic trends along two A-B transects and discovered sharp clines for several variables ( figure 3b-g ). In agreement with this and previous findings [47, 53] , logistic regression models revealed significant associations of MTX and SVMPs with climatic variables, with venom B areas characterized by larger diurnal thermal fluctuations, milder winters and less seasonal variation in precipitation (electronic supplementary material, table S12). The other toxin genes, even though highly co-expressed in some phenotypes, showed different correlation patterns, suggesting that different selective forces orchestrate individual loci to create complex, dynamic phenotypes (electronic supplementary material, table S12). Strikingly, genes located a few kb apart, such as some PLA 2 s [15] , also displayed independent associations, demonstrating that divergent selective pressures can differentially affect parts of the same genomic region. Climatic niche modelling of the distribution of individual toxin genes yielded different predictions even for neighbouring genes, and the models proved to be accurate predictors of gene distribution (electronic supplementary material, figure S5 ), emphasizing the environment-genotype link. This interesting phenomenon deserves further investigation, since genes coding for the same adaptive phenotype are generally brought closer together by means of chromosomal rearrangements such as inversions or supergenes [54] .
(e) Genome, environment and the maintenance of geographical variation
The emerging picture of the mechanisms and drivers governing venom variation in C. scutulatus is thus one of adaptive polymorphism with gene flow, with the distribution of toxin genes shaped by directional natural selection for local environmental factors other than diet spectrum or neutral gene flow. Margres et al. [20] recently suggested that gene flow may be more likely to drive venom composition in dietary generalists than in specialists; the lack of association between gene flow and venom composition in the specialist mammal-feeder C. scutulatus is consistent with this, but the lack of association between diet spectrum and venom suggests that other determinants are involved. The precise nature and mechanism of selection, and especially the association of venom with environmental parameters, remain unclear. It seems to us unlikely that climate by itself exerts strong selection on venom composition. In fact, the generally positive association between type B venoms and higher winter temperatures runs contrary to the hypothesis that SVMPs are needed to assist digestion at lower temperatures [10, 55] . However, climatic stability and seasonality may affect other factors, for instance prey community composition and dynamics [52] . These, in turn, could influence snake foraging strategies, and potentially also the exposure of snakes to predation, an understudied source of selection on venom [56] . In widely distributed species occupying diverse environmental conditions, spatial heterogeneity could thus select for local fitness optima, resulting in the maintenance of disparate, locally adaptive gene complexes.
While venom composition does not correlate with diet spectrum, the possibility of more subtle diet-related selection deserves further study: predator-prey arms races, pitting resistance to venom in prey against the snakes' venom, appear to be important drivers of venom evolution in at least some cases [12] . While many desert rodents display resistance to type B venoms [57] , there are virtually no corresponding data for type A venoms. Geographical variation in the prevalence of prey resistance to different venom types, perhaps correlated with other environmental variables, could conceivably act as a driver of venom composition in C. scutulatus. This could constitute a fruitful focus for future research. Potential prey-specific toxicity in PLA 2 gA1, the only diet-associated toxin, may also repay further investigation.
As in previous studies [47, 53] , we hypothesize that disruptive selection against intermediate AþB phenotypes may ensure spatial segregation, thereby favouring persistence of gene complexes and divergent phenotypes. The role of relatively subtle environmental changes in driving the dramatic differences in venom composition in this species, coupled with selection against intermediate phenotypes, suggests the existence of steep clines in the adaptive fitness landscape, where one phenotype gains a selective advantage over the other across short geographical distances. However, the proximate factors mediating the geographical variation in selection pressures remain to be fully understood.
Conclusion
The unique genomic architecture of rattlesnake venom provides an important addition to the catalogue of mechanisms underlying adaptive phenotypic variation, and establishes a promising system for investigating the ecological and evolutionary implications of genomic structural variation in non-model organisms. Together, our results emphasize the importance of combining large-scale genotype, phenotype and ecological data in natural populations to uncover the wide variety of mechanisms and drivers underlying phenotypic variation, and emphasize the need to consider a multitude of factors as potential selective drivers of phenotypic variation. 
